To reduce CO 2 emission, the utilization of biodiesel fuel (BDF) has expanded worldwide last decade. Accordingly, more and more glycerol that is a by-product of the BDF production process is discharged, and an effective conversion of glycerol into valuable substances has been desired. In this article, we describe a study of conversion from glycerol into racemic lactide which is to be a monomer of stereoblock poly(lactic acid) (sb-PLA) by using an achiral homosalen-aluminum complex as a polymerization catalyst. This sb-PLA is semi-crystalline and has high melting point (up to 210 °C). The glycerol was first converted into racemic lactic acid by hydrothermal reaction with an alkaline catalyst under the following conditions: temperature, 300 °C; pressure, 10 MPa; reaction time, 3.5 h. The conversion of glycerol into lactic acid was 62.5%. The racemic lactic acid was then converted into the mixture of lactide isomers, followed by purification process to afford racemic lactide (rac-LA). Purity of the obtained rac-LA was more than 99%. It demonstrates that glycerol can be a good feedstock of rac-LA for the first time.
Introduction
Biodiesel fuel (BDF) is a mixture of fatty acid methyl esters, normally, obtained by transesterification of vegetable oils with methanol in the presence of alkaline catalysts (NaOH, KOH, or related alkoxides) [1] . In recent years, the demand for BDF has been steadily increasing. The global BDF production has increased more than fifteen times from 0.8 billion litres in 2000 to 14. 6 billion litres in 2008 [2] . This growth is expected to continue in the future based on the energy policy followed by many countries [3] . This trend is also similar in Thailand. For instance, diesel fuel (DF) sold in the market today has already been replaced by B3 (3% blend of BDF with 97% DF), and B5 (5% blend of BDF with 95% DF) has been launched as a voluntary program. Moreover, the latest goal of BDF production is set to 4.5 million litres/day by year 2022 which is almost four times in 2008 (1.2 million litres/day) [2] .
From BDF production process, glycerol as a by-product is obtained at a weight ratio of 1/10 (glycerol/BDF) [4] [5] [6] [7] . Currently, glycerol no longer represents a significant benefit for the BDF industry due to its low price as consequence of the growing market of BDF [4] [5] [6] . Therefore, exploration of glycerol as raw material for its transformation into valuable products seems economically meaningful [4, 5, 7, 8] . Under these circumstances, we reported a novel protocol to produce racemic lactic acid from glycerol by hydrothermal reaction with an alkaline catalyst [9] . Lactic acid is expected to be a raw material of poly(lactic acid) (PLA). Commercially available PLA is poly(L-lactic acid) (PLLA) and is mostly synthesized by the ring-opening polymerization of L-lactide (LLA), which is a cyclic dimer of L-lactic acid. However, lactic acid derived from glycerol by the hydrothermal reaction is racemic lactic acid. Furthermore, the dimerization of racemic lactic acid affords the mixture of lactide isomers that are composed of racemic lactide (rac-LA) and meso-lactide (meso-LA). When the polymerization process of LLA is applied to the mixture of lactide isomers, the obtained PLA is amorphous due to the stereoirregularity. By contrast, we reported a method to synthesize stereoblock poly(lactic acid) (sb-PLA) from rac-LA by using an achiral homosalen-aluminum complex as a catalyst for stereoselective polymerization [10] [11] [12] . This sb-PLA is semicrystalline and some of the sb-PLAs showed T m (up to 210 °C) higher than that of PLLA or poly(D-lactic acid) (PDLA) (T m ~170 °C) [10] [11] [12] [13] . Therefore, it's logically possible to synthesize sb-PLA from glycerol. In this paper, we demonstrate synthesis of rac-LA from glycerol that is by-product from BDF production process in Thailand.
Materials and methods

Process outline
The process outline of rac-LA from glycerol is shown in Fig. 1 . Glycerol was converted into sodium lactate by hydrothermal reaction. Sodium lactate was purified by neutralization, extraction, and distillation processes. After these processes, refined lactic acid was obtained. Crude lactide composed of the mixture of lactide isomers and impurities was obtained from refined lactic acid through lactide synthesis process. The refined rac-LA was obtained from crude lactide through lactide purification process.
Glycerol by-product
Glycerol as a by-product of BDF production process was provided from two BDF plants in Thailand. In these plants, BDF was produced from palm oil.
Hydrothermal reaction
Sodium hydroxide was added to glycerol before hydrothermal reaction and worked as an alkaline catalyst. The experimental diagram of hydrothermal reaction is shown in Fig. 2 . The reaction conditions: temperature, 300 °C; reaction time, 3.5 h; pressure, 10 MPa, were controlled using an electric heating furnace, a flow rate of quantitative pump, and a pressure regulating valve, respectively. The reactor was a Swagelok SUS 316 tube, inside diameter 4.0 mm, length 10 m, and capacity 125.7 mL. The premeasured glycerol was put into the storage vessel and pumped at a rate of 0.6 mL/min. By hydrothermal reaction, glycerol was converted into sodium lactate, which was cooled by cooler. Fig. 1 . Process outline. 
Purification of lactic acid
The sodium lactate was acidized with sulfuric acid. The lactic acid was then extracted with ethyl acetate, and the organic phase was condensed in vacuo to afford refined lactic acid.
Lactide synthesis and purification
The prepolymer was first synthesized from refined lactic acid under the following conditions: temperature 180 °C, pressure 10 to 760 mmHg. Crude lactide was obtained through reactive distillation (temperature 210 to 230 °C, pressure 5 to 10 mmHg). The crude lactide containing impurities was purified by three-time recrystallization with ethyl acetate under a N 2 atmosphere. 
Chemical analysis
The concentration of lactic acid, sodium lactate, and glycerol were analyzed using high performance liquid chromatography (e2695 Separations module, Waters, Massachusetts) with SUGAR SH-G, SUGAR SH1011, and SUGAR SH1821 (Showa Denko K.K, Tokyo). The concentration of sodium ion and the moisture were measured using Inductively Coupled Plasma (SPS3500DD, SII Nanotechnology, Chiba) and moisture meter (CA-07, Mitsubishi chemical analytech, Mie), respectively. The composition of crude lactide and refined rac-LA were evaluated using NMR spectrometer (JNM-Lambda300, JEOL and GEMINI-2000, Varian).
Results and discussion
Composition of glycerol
The composition of glycerol is shown in Table 1 . When sodium hydroxide was added to glycerol, only small amount of sodium fatty acid (soap) appeared. It considered glycerol contained only a small amount of free fatty acids or fatty acid methyl esters. 
The glycerol and lactic acid concentrations of material and product are shown in Table 2 . The flow rate of input and output were 0.6 mL/min, respectively. The conversion of glycerol into lactic acid was 62.5 mol% and was smaller than expected. It may be caused by prolonged reaction time [14] . Table 2 . Glycerol and lactic acid concentrations of material and product.
Lactide synthesis from refined lactic acid
The results of lactide synthesis process are shown in Table 3 . Conversion of refined lactic acid into crude lactide was 47%. The compositions of crude lactide and refined rac-LA are shown in Table 4 . The ratio of rac-LA and meso-LA in crude lactide was 50-50 as expected based on a probability. The purity of refined rac-LA was more than 99%. Table 3 . Conversion of crude lactide from refined lactic acid. 
Conclusion and future
In this study, synthesis of rac-LA from glycerol was carried out. It is elucidated that glycerol as a by-product of BDF production process can be a good feedstock for rac-LA which is to be a monomer of semi-crystalline and high T m (up to 210 °C) PLA [10] [11] [12] . This innovative and practical process has a potential to create a novel recycling system as shown in Fig. 3 . BDF is obtained by the transesterification of plant oils with primary alcohol and catalyst. The glycerol as a by-product from BDF production process is then converted into rac-LA by using process of this study. The sb-PLA will be produced from this rac-LA by using an achiral homosalen-aluminum complex as a catalyst for stereoselective polymerization [10] [11] [12] . The sb-PLA is carbon-neutral even when it is finally converted into carbon dioxide and water. The carbon dioxide can be absorbed by photosynthesis, and plants oil is available once again for BDF production. The process of this study will contribute to create this novel recycling system. 
